Nd-Fe-B-type magnet is exclusively used as a rotor magnet in the traction motor of hybrid electric vehicle (HEV) and electric vehicle (EV), but its overly high operating temperature is a lingering problem attached to the magnet. The major cause of the high operating temperature is eddy current, which is readily generated in the highly conductive metallic magnet under alternating magnetic field from stator ripple. In this article, temperature rise in the Nd-Fe-B-type magnet with varying electrical resistivity under alternating magnetic field is discussed with the intention of highlighting the importance of enhancing the electrical resistivity for reducing the operating temperature of the Nd-Fe-B-type rotor magnet. Temperature rise in the Nd-Fe-B-type magnet (dielectric salt-added die-upset magnet) with high electrical resistivity is noticeably lower compared to the magnet (commercial sintered rotor magnet) with lower electrical resistivity, substantiating the theory that enhancing the electrical resistivity in the rotor magnet is fairly effective for suppressing the over-rise of its operating temperature during operation. Die-upset process is revealed to be particularly pertinent for the fabrication of highly dense salt-added magnet with high electrical resistivity.
Introduction

Drawbacks of Nd-Fe-B-type rotor magnet
Environment-friendly car, such as hybrid electric vehicle (HEV) and electric vehicle (EV), is expected to become a mainstay in car market in the foreseeable future. Being the beating heart of the EV and HEV, the traction motor is mostly permanent magnet (PM)-type thanks to its excellent efficiency. Exclusively used rotor magnet of the traction motor is Nd-Fe-B-type by virtue of its superior magnetic performance, and the only fly in the ointment of the magnet is its low Curie temperature (T C * 310°C). As operating temperature of the rotor magnet in traction motor is as high as 150-200°C, the low T C is one of the biggest stumbling blocks in designing high-performance PM motor. The operating temperature of the Nd-Fe-B-type rotor magnet is by all means formidable given the low T C of the magnet, and at such high operating temperature, magnetic performance of the magnet, in particular coercivity, is radically reduced. With reduced coercivity, the magnet could be demagnetised in the worst case by the magnetic field from the stator, hence leading to a higher likelihood of motor malfunction.
The current standard approach for solving this problem is sufficiently enhancing the room-temperature coercivity of the magnet, so it still can have required coercivity at the elevated operating temperature. This is commonly achieved using techniques such as (1) alloying method by substituting some Nd in the magnet with heavy rare earth (HRE: Tb, Dy) [1] [2] [3] [4] [5] , (2) grain boundary diffusion of HRE [6] [7] [8] [9] [10] [11] [12] , (3) grain boundary modification [13] [14] [15] [16] [17] and (4) grain refinement [18] . Indeed, the HRE-substituted or grain boundary diffusion-treated Nd-Fe-B-type magnets have been put into full practice for rotor magnet, but the use of HRE still remains particularly worrisome because of its highly limited supply and outrageously expensive price. Grain refinement techniques may sound great in that the use of HRE is avoided, but they are still in its infancy.
In the meantime, in addition to the coercivity enhancement, a huge effort has gone into developing more effective motor cooling techniques, such as adapting distributed stator winding rather than concentrated winding and adapting air cooling or liquid cooling of the stator [19] [20] [21] [22] [23] [24] [25] [26] [27] . These cooling techniques have been increasingly put into practice in the EV and HEV traction motor. As a matter of fact, operating temperature of the rotor magnet in recent traction motor has been measurably lowered, and much of the credit for the benefit from lowered operating temperature is attributed to these motor cooling techniques.
Prime culprit of overly high operating temperature
of Nd-Fe-B-type rotor magnet
Overly high operating temperature of the Nd-Fe-B-type rotor magnet has very much to do with high electrical conductivity of the magnet under alternating magnetic field. One may be mystified to hear the influence of electrical property of magnet when it comes to performance of the rotor magnet. The curiosity may be cleared by turning our attention to addressing the root cause of overly high operating temperature of the Nd-Fe-B-type rotor magnet. During motor operation, the rotor magnet is continuously exposed to changing magnetic field from stator slots and windings. Changing magnetic flux penetrating into the rotor magnet induces circular currents in the magnet. From Faraday's law and Lenz's law of electromagnetic induction, a penetrating magnetic flux with increasing density (dB/dt [ 0) creates a circular electric field (electromotive force (emf) E) in the rotor magnet in a counterclockwise direction around the magnetic field lines. From Lenz's law of induction, this induced electric field generates a counterclockwise flow of electric current, which is called as eddy current, in the rotor magnet. Meanwhile, when magnetic flux with decreasing density (dB/dt \ 0) penetrates into the rotor magnet, it creates a circular electric field in the rotor magnet in clockwise direction around the magnetic field lines. This induced electric field generates a clockwise flow of electric current. As a result, changing magnetic field from stator slots and windings in the traction motor generates alternating eddy current in the rotor magnet. As the Nd-Fe-B-type rotor magnet is essentially metallic with high electrical conductivity, an eddy current is readily generated in the magnet due to the changing magnetic field, which in turn raises the temperature of the magnet by Joule heating [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
It is safe to say that high electrical conductivity is to blame for the overly high operating temperature of the Nd-Fe-B-type rotor magnet. As such, at least for the motor with ceramic ferrite rotor magnet, which has very high electrical resistivity, the generation of eddy current is less likely and the rise of operating temperature is the least of worry. When it comes to suppressing the over-rise operating temperature of the rotor magnet down to an affordable level, the importance of enhancing the electrical resistivity cannot be overstated. More importantly, an enhancing electrical resistivity can act synergistically with an effective motor cooling technique for solving the problem associated with high operating temperature. In this article, temperature rise in the Nd-Fe-B-type magnet with varying electrical resistivity is discussed with the intention of highlighting the importance of enhancing the electrical resistivity for suppressing the over-rise of operating temperature of the Nd-Fe-B-type rotor magnet.
Methods of evaluating temperature rise in rotor magnet under alternating magnetic field
Temperature-rise measurement in the Nd-Fe-B-type rotor magnet can be performed using various methods under condition simulating the operating condition of rotor magnet in the EV and HEV traction motor [33, 35, [41] [42] [43] [44] .
One of the most commonly used methods for measuring the temperature rise in the rotor magnet is a closed-type magnetic circuit [33, 35] , as shown in Fig. 1 . Using the combination of function generator and power supply, an alternating current with required ampere, frequency and waveform runs through the coil wounded round the high permeability soft ferrite ring with an air gap on the opposite side. Alternating magnetic field generated by current running through the coil is entirely yoked to the air gap, where the test magnet is inserted. The test magnet is subjected to alternating magnetic field, and temperature rise in the Fig. 1 Closed-type magnetic circuit for measuring the temperature rise in magnet under alternating magnetic field magnet is monitored using micro-thermocouple closely attached to the surface of the magnet which is thermally insulated by wrapping with polymeric insulating materials. Characteristics of the alternating magnetic field to which the rotor magnet in the EV and HEV traction motor is subjected during operation depend upon the operating condition of traction motor, and it has typically field strength of 2.4 kAÁm -1 , frequency of 3 kHz and sinusoidal waveform [33, 35] . Temperature rise in the rotor magnet is critically influenced by these three parameters. Put simply, the higher the field strength and frequency are, the higher the flux change rate (dB/dt) becomes, and more intense eddy current is generated, accordingly. Frequency of the magnetic field becomes, in particular, an important factor contributing for temperature rise in the rotor magnet of high-speed motor, like the traction motor of HEV and EV [34, [45] [46] [47] [48] . More intense eddy current is generated in the rotor magnet due to high-frequency components (several kHz) in the field from stator windings and slot ripple, and this dominantly contributes to severe heating. Meanwhile, for low-speed motor in which rotor magnet operates with lower frequency less than several hundred hertz, temperature rise in the rotor magnet is dominantly caused by the heat from hysteresis loss rather than eddy current. Finally, waveform of the alternating field from stator ripple in an actual operation of the EV and HEV traction motor is not a simple sinusoidal wave but includes many higher harmonic waves [33, 34, 40, 43] . For the sake of convenience, simple sinusoidal wave is commonly used for the evaluation of temperature rise in the rotor magnet. This is considered to be acceptable because the effect of higher harmonic components on the eddy current generation can be evaluated by simple addition of individual harmonic components.
While the closed-type magnetic circuit is pertinent for a small magnet, it is not fit for an actual rotor magnet of the EV and HEV traction motor, which has a much larger dimension (volume). For evaluating the temperature rise due to eddy current in the actual rotor magnet, an open-type magnetic circuit using solenoid can take advantage of its large diameter [28, 34, 35] . Uniform magnetic field is produced in the solenoid, with the test rotor magnet set at its centre.
3 Temperature rise in Nd-Fe-B-type magnets with varying electrical resistivity
Commercial sintered magnet
Nowhere is the effectiveness of enhancing the electrical resistivity for suppressing the over-rise of operating temperature of rotor magnet more evident than in measuring the temperature rise of rotor magnet with varying electrical resistivity under alternating magnetic field. As mentioned earlier, rotor magnet exclusively used in the traction motor of HEV and EV is Nd-Fe-B-type magnet, which is, in essence, highly conductive metallic material. Accordingly, the magnet has fairly low electrical resistivity (* 180 lXÁcm -1 ), and eddy current is readily generated in the magnet under high-frequency alternating magnetic field, hence overly raising operating temperature of the magnet. Figure 2 shows the effect of field strength and frequency of the alternating magnetic field on the temperature rise in the (Nd,Pr,Dy)-(Fe,Co,Cu,Ga)-B-type commercial sintered rotor magnet for the HEV traction motor. Performance of the commercial rotor magnet at room temperature is presented in Table 1 , and the key feature of the magnet includes fairly high coercivity and low electrical resistivity. Thermally demagnetised test magnet (6 mm 9 6 mm 9 6 mm) was inserted into the air gap in the open-type magnetic circuit ( Fig. 1 ) so as to orient the easy axis of the magnet parallel to the flux line in the air gap. Sinusoidal alternating magnetic field with varying strength and frequency simulating operating condition of the rotor magnet in the EV and HEV traction motor was applied along easy axis of the magnet, and the temperature rise was monitored during the early period of 10 min using micro-thermocouple attached to the lateral surface of the magnet. Characteristics of the alternating field chosen for temperature-rise evaluation were: ranges of field strength and frequency which were, respectively, 2.4 * 11.9 kAÁm -1 and 2-4 kHz with sinusoidal waveform, mimicking the operating condition of the rotor magnet of the HEV and EV traction motor. Temperature rise (DT) presented in the present article is temperature increment caused by the alternating field, that is, the difference between measured temperature in the magnet and room temperature. It is clearly revealed that severe temperature rise occurs in the commercial rotor magnet with low electrical resistivity. As can be seen, temperature of the magnet rapidly increases in the early period of applying alternating magnetic field and then almost hits a plateau within 10 min, and the peak temperature increases with strength and frequency of the alternating field increasing. As an emf E induced in the magnet by changing magnetic field, which drives eddy current, is proportional to the rate of magnetic flux change (E µ dB/dt), the higher the strength and frequency of the alternating field are, the higher the rate (dB/ dt) of magnetic flux change in the magnet becomes, and the higher the emf is induced. Thus, more intense eddy current is generated, hence leading to more rapid and higher temperature rise of the magnet with strength and frequency of the alternating field increasing. Most notably, for the commercial rotor magnet having low electrical resistivity, magnet temperature rises as high as around 200°C by alternating magnetic field with the strength of 11.9 kAÁm -1 and frequency of 4 kHz. Radical temperature rise in the magnet is mostly attributed to the eddy current generated due to high electrical conductivity of the magnet. Contribution from hysteresis loss to the temperature rise cannot be overlooked, but it is considered to be small part in the case with high frequency. Actual operating condition of the rotor magnet may be less harsh, and typical strength and frequency of magnetic field to the actual rotor magnet are understood to be * 2.4 kAÁm -1 and 3 kHz, respectively. It is a bit surprising to see that the present temperature-rise measurement shows only a negligible rise in temperature under the typical condition. This embarrassing phenomenon has very much to do with small dimension (volume) of the test magnet, which will be discussed in more detail later in this article. The present measurement result is an overwhelming proof that intensive eddy current can be generated and temperature radically rises in the commercial Nd-Fe-B-type rotor magnet with lower electrical resistivity. Here, it is worth addressing the significance of high coercivity of the (Nd,Pr,Dy)-(Fe,Co,-Cu,Ga)-B-type commercial rotor magnet for the EV and HEV traction motor. Figure 3 shows the temperature dependence of magnetic performance of the commercial rotor magnet, and it can be seen that this magnet still maintains enough performance (induced coercivity of i H c [ 0.8 MAÁm -1 , maximum energy product of (BH) max [ 266 kJÁm -3 ) at 150°C, which is considered to be typical operating temperature of the commercial rotor magnet in the traction motor of HEV and EV in actual operation.
Field direction dependence of temperature rise in a rotor magnet
When it comes to evaluating temperature rise in a rotor magnet under alternating magnetic field, influence of field application direction with respect to the easy axis of the magnet cannot be overlooked. In simulation test for measuring the temperature rise, alternating magnetic field is commonly applied along the easy-axis direction of the rotor magnet, but the applied field may not necessarily be precisely parallel along the easy axis in actual operation. Temperature rise in the rotor magnet may be dependent upon the direction of field application to a certain extent. Figure 4 shows the dependence of temperature rise in the (Nd,Pr,Dy)-(Fe,Co,Cu,Ga)-B-type commercial rotor magnet upon the direction of field application with respect to the easy axis of the magnet. As can be seen, temperature rise in the magnet heavily depends on the direction of field application: as the direction of field application becomes out of the easy axis, the temperature rise in the magnet radically decreases, and it becomes very small when the field is applied along the direction perpendicular to its easy axis. Heavy dependence of temperature rise in the magnet on the direction of field application may be attributed to the direction dependence of permeability of the magnet. Relative permeability of the Nd-Fe-B-type magnet along the easy axis is much higher (* 15) compared to that along hard axis [34, 43, 49] . Alternating magnetic flux can penetrate more easily into the magnet along the easy axis with high permeability, thus generating more intense eddy current, and as the field direction becomes away from the easy axis, the penetration of magnetic flux becomes less likely. This leads to small dB/dt and less generation of eddy current, hence smaller temperature rise in the rotor magnet, accordingly.
When the alternating field is applied along the hard axis of the rotor magnet, little magnetic flux may be able to penetrate into the magnet, thus generating the eddy current; hence, temperature rise is inconsiderable. Thinking this dependence of temperature rise in the rotor magnet upon the direction of field application, an odd inspiration, as an afterthought, comes to our mind. Temperature rise in a rotor magnet would be somewhat suppressed simply by misaligning the magnet by design so as to orient its easy axis slightly out of the direction of alternating field from the stator slot and winding ripple. This scheme can, of course, compromise magnetic performance.
Volume dependence of temperature rise in a rotor magnet
In an earlier discussion, we have seen an embarrassing phenomenon in which only a negligible temperature rise is observed in the commercial rotor magnet with small volume under the typical operating condition (* 2.4 kAÁm -1 and 3 kHz) in the traction motor. In order not to misunderstand the real essence of temperature rise in the present discussion, we need to be sure to bear the small volume (6 mm 9 6 mm 9 6 mm) of test magnet in mind. Temperature rise in a rotor magnet is believed to be influenced by the magnet volume within a certain range. Figure 5 shows the dependence of temperature rise in the (Nd,Pr,Dy)-(Fe,Co,Cu,Ga)-B-type commercial rotor magnet upon magnet volume. In this simulation test, the magnet volume was small and controlled by varying the height (6 mm 9 6 mm 9 6 mm). As can be seen, temperature rise in the magnet drastically increases with magnet volume increasing. This drastic increase in temperature rise with magnet volume is arguably real within the volume range investigated. Whether the tendency of temperature rise persists up to larger volume range of actual rotor magnet for the EV and HEV traction motor may not be certain. It is nevertheless safe to say that temperature rise in actual rotor magnet for the EV and HEV traction motor, which has much larger volume (typical dimension 8 mm 9 15 mm 9 60 mm) with respect to the test magnet, may be almost certainly much greater under the typical operating condition.
Magnetisation state dependence of temperature rise in a rotor magnet
Generation of eddy current, hence temperature rise in a rotor magnet, may also depend upon its magnetisation state. Despite being used in fully magnetised state in actual service, the rotor magnet in non-magnetised (thermally demagnetised) state is commonly used in most of the simulation test for measuring the temperature rise under alternating magnetic field. The fully magnetised rotor magnet in actual operation is exposed to weak alternating magnetic field from the stator ripple while rotating in sync with strong magnetic flux from the stator; thus, a detailed simulation of operating condition for the fully magnetised rotor magnet is not straightforward. Regarding eddy current generation, key difference between the fully magnetised and un-magnetised magnets is the location of their operating point on the hysteresis loop. Non-magnetised magnet is operating around the origin of minor hysteresis loop under the alternating magnetic field. As the typical relative permeability of a non-magnetised Nd-Fe-B-type magnet along easy-axis near origin is large (* 15), more intense eddy current is readily generated, and more severe temperature rise takes place in the non-magnetised Nd-Fe-B-type rotor magnet. Meanwhile, operating point of a fully magnetised magnet is located not near the origin of hysteresis loop but at some point on the second quadrant of demagnetisation curve depending on its permeance coefficient, in other words the shape of magnet and operating condition. As the recoil permeability of a fully magnetised Nd-Fe-B-type magnet is relatively small (* 1.05), generation of eddy current in fully magnetised magnet would seemingly be less intense, hence less severe temperature rise, compared to non-magnetised magnet. Indeed, the measured eddy current generation in the fully magnetised Nd-Fe-B-type rotor magnet was reported to be smaller than that in the non-magnetised magnet. However, the measured eddy current generation in the fully magnetised was revealed not to be significantly smaller than that in the non-magnetised rotor magnet unlike our first thought [43, 50, 51] : the measured eddy current generation in the fully magnetised magnet was around 85% of that in the non-magnetised magnet. More interestingly, calculation of eddy current generation for non-magnetised and fully magnetised magnets revealed a bit surprising results: contrary to our expectation, calculated eddy current generation in the fully magnetised magnet was higher (around 110%) than that in the non-magnetised magnet [40, 43, 52, 53] . These measurement and calculation were performed for the Nd-Fe-B-type rotor magnet under different condition (in particular, low frequency of several hundred Hz) from that in the present discussion, what's become clear nevertheless is that as intense eddy current, hence serious temperature rise, can be generated in the fully magnetised Nd-Fe-B-type rotor magnet operating with much higher frequency (several kHz). Evaluation of temperature rise in the non-magnetised rotor magnet is believed not to deadly twist into misleading conclusion about temperature rise in the fully magnetised rotor magnet.
Die-upset magnet
We have seen that an immense heat may evolve due to the generation of eddy current in the (Nd,Pr,Dy)-(Fe,Co,-Cu,Ga)-B-type commercial rotor magnet with high electrical conductivity under alternating magnetic field. It may be interesting to see how effectively the generation of eddy current (hence temperature rise) can be suppressed by enhancing the electrical resistivity of a magnet. As the Nd-Fe-B-type magnet is essentially metallic, a marked enhancement of electrical resistivity in the metallic magnet is not straightforward as it would first think. Many previous efforts for enhancing the electrical resistivity in the Nd-Fe-B-type magnet have been reported [49, 50, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] . Komuro et al. [35] prepared hot-pressed Nd-Fe-B-type magnet with high electrical resistivity using anisotropic HDDR-treated Nd-Fe-B-type powder coated with dielectric rare-earth fluorides. The fluoride-coated particles were aligned beforehand and then hot-pressed to fabricate magnet with high electrical resistivity. Their findings particularly caught our attention by clearly revealing the effectiveness of enhancing the electrical resistivity for suppressing the generation of eddy current in the Nd-Fe-B-type magnet. Marinescu et al. [51] and Sawatzki et al. [52] also reported the fabrication of die-upset Nd-Fe-Btype magnet with high electrical resistivity using melt-spun Nd-Fe-B-type powder doped with rare-earth salt. Kim et al. [67] and Kang et al. [68, 69] reported remarkable enhancement of electrical resistivity in the die-upset and hot-pressed Nd-Fe-B-type magnets using an innovative technique, in which dielectric eutectic salt mixture with uniquely low melting point was doped.
Suppressed temperature rise in the Nd-Fe-B-type magnet with highly enhanced electrical resistivity can offer compelling evidence for the importance of enhancing the electrical resistivity for lowering operating temperature of the Nd-Fe-B-type rotor magnet. Figures 6 and 7 show the temperature rise in the die-upset Nd-Fe-B-type magnets with different electrical resistivity under alternating magnetic field measured by the closed-type magnetic circuit. The magnets were fabricated by die-upset process using melt-spun flakes (MQU-F: Nd 13.6 Fe 73.6 Co 6.6 Ga 0.6 B 5.6 )) with and without addition (7 vol%) of dielectric eutectic DyF 3 -LiF salt mixture [67, 70] . Properties of the prepared die-upset magnets are also presented in Table 1 . The dieupset magnet added with the dielectric salt has noticeably high electrical resistivity compared with the magnet without salt addition. It can be seen that temperature rise in the die-upset magnet with higher electrical resistivity is noticeably suppressed compared with the magnet with lower electrical resistivity: while temperature rise in the magnet with lower electrical resistivity is as high as around 90°C under the alternating field with the strength of 11.9 kAÁm -1 and frequency of 4 kHz, temperature rise in the magnet with higher electrical resistivity is noticeably suppressed as small as around 40°C. This finding clearly verifies the theory that enhancing the electrical resistivity in the rotor magnet is fairly effective for suppressing the over-rise of its operating temperature during operation. Comparing temperature rises in the commercial sintered rotor magnet and the die-upset magnet with high electrical resistivity can provide telltale sign showing the effectiveness of enhancing the electrical resistivity for suppressing the over-rise of its operating temperature. Figure 8 shows the comparison of temperature rises between the Nd-Fe-Btype commercial sintered rotor magnet and the die-upset magnets with varying electrical resistivity. Electrical resistivity of the magnets is also presented in Fig. 8 . As can be seen, temperature rise in the die-upset Nd-Fe-B-type magnet with high electrical resistivity is noticeably lower compared to the commercial sintered rotor magnet. It is worth noting that despite having similar electrical Fig. 6 Effect of field strength and frequency of alternating magnetic field on temperature rise in die-upset Nd-Fe-B-type magnet without salt addition: time and frequency dependence of a 2 kHz, b 3 kHz and c 4 kHz, d frequency and e field strength dependence resistivity, temperature rise in the salt-free die-upset magnet appears to be less severe with respect to the commercial sintered magnet. This is attributed to less perfect texture in the salt-free die-upset Nd-Fe-B-type magnet with respect to the commercial sintered rotor magnet. Degree of grain alignment in the laboratory-made die-upset magnet is not as good as that in commercial sintered magnet. Easy axis of the misaligned grains may have some distribution; thus, overall permeability of the die-upset magnet along textured direction, along which alternating magnetic field is applied, may be lowered. As discussed earlier in the dependence of temperature rise in the magnet upon the direction of applied field, the distribution of easy axis of the misaligned grains may lead to less severe temperature rise in the saltfree die-upset Nd-Fe-B-type magnet.
Regarding dielectrics-added Nd-Fe-B-type rotor magnet, it is worth mentioning about manufacturing technique. Die-upset technique is a good fit for manufacturing of the salt-added magnet with high electrical resistivity and high density. Since the added salts can be impediment to the consolidation of magnetic particles, fabrication of the saltadded Nd-Fe-B-type magnet with high density would be very difficult using a press-less process, such as sintering technique, in which surface energy reduction in particles acts as the only source of driving force for consolidation. On the other hand, as the die-upset technique can provide pressure as an additional potent driving force for consolidation, this technique may be of real use in manufacturing of salt-added Nd-Fe-B-type magnet with high density and high electrical resistivity.
More importantly, since the die-upset Nd-Fe-B-type magnet has in general finer grain structure of the Nd 2 Fe 14 B main magnetic phase, the benefits of inherited high coercivity and low temperature coefficient of overall magnetic performances can be achieved as an added bonus. Temperature dependence of magnetic performance of the saltadded Nd-Fe-B-type die-upset magnet with high electrical resistivity is also included in Fig. 3 for comparison with the (Nd,Pr,Dy)-(Fe,Co,Cu,Ga)-B-type commercial sintered rotor magnet. It seems that overall magnetic performance of the die-upset magnet is underwhelming with respect to the commercial sintered rotor magnet. Degradation of magnetic performance due to the addition of non-magnetic dielectric salt is inevitable, but it may possibly be compensated to some extent by taking the full advantage of the lowered operating temperature of the rotor magnet. As can be seen, if operating temperature of the die-upset magnet could be further lowered due to the enhanced electrical resistivity, say down to 120°C, it still can hold up good magnetic performance ( i H c [ 0.71 MAÁm -1 ), (BH) max [ 242 kJÁm -3 ). This performance would be enough for actual application of the die-upset magnet as a rotor magnet in the EV and HEV traction motor. Enhancing the electrical resistivity of the rotor magnet via addition of non-magnetic salt is a kind of a double-edged sword. When developing the Nd-Fe-B-type rotor magnet with high electrical resistivity, which is meaning to replace the conventional magnet, we have to carefully weigh up all the pros and cons within reason, and we need to come up with an innovative idea that could reap the enhancement of electrical resistivity while minimising the degradation of magnetic performances of the magnet. Enhancing the electrical resistivity of the rotor magnet at the too much expense of the magnetic performance will all come to nothing.
Summary
A lingering stigma attached to the Nd-Fe-B-type rotor magnet in the traction motor of HEV and EV is overly high operating temperature despite its disappointedly low Curie temperature. With no other option available for suppressing the over-rise of operating temperature, enhancing the electrical resistivity of the Nd-Fe-B-type magnet could be a good solution. Suppressing the over-rise of operating temperature of Nd-Fe-B-type rotor magnet by enhancing the electrical resistivity can substantially ease the burden of current technology, which includes a challenging practice of coercivity enhancement using the scarce and expensive HRE. Addition of dielectric salt to the Nd-Fe-B-type magnet is very effective for enhancing the electrical resistivity, and die-upset process is particularly pertinent for the fabrication of the salt-added magnet. Manufacturing of the salt-added Nd-Fe-B-type die-upset magnet with high electrical resistivity will be challenging the idea that the addition of non-magnetic materials to the magnet inevitably compromises the magnetic performance. An innovative technique which can enhance the electrical resistivity of the magnet while minimising the degradation of magnetic performances is potentially needed for obtaining successful results. On the top of the magnetic performance, other material properties, such as mechanical strength, resistance against corrosion and oxidation and the like, should also be assessed.
